Abstract: This is an analytical review on kinetics and mechanism of threedimensional radical polymerization (TDRP) of multifunctional vinyl monomers (oligomers) having two or more double bonds per molecule. The period (1960 -1977) of establishing the fundamental kinetic law of TDRP and the principal characteristics of its mechanism, i.e., microheterogeneity, is briefly described. New intense progress in the field of TDRP (during the recent decade) resulting from the development of new technologies based on this technique (fiber-optic engineering, information technology, etc.) has received much consideration. The methodological peculiarities of investigations on TDRP kinetics and mechanism, which are a result of the complex conditions of highly structured reaction media inherent in TDRP processes, are described. Particular attention is given to techniques of structuralphysical investigation (a consistent complex of methods including ESR, NMR, diffusion and radiation probing, mechanics and thermomechanics) sensitive to structural microheterogeneity in the range 10 -6 -10 -4 cm. The perspectives of macromolecular design based on TDRP data are analyzed including latest approaches as the employment of a 'living' chain mode. This review covers three monographs in Russian, reflecting three sequential stages of TDRP development from 1960 till 1995 using acrylic oligomers as an example (most of the investigations were carried out at the Institute of Chemical Physics RAS). The bibliography includes 197 references.
Objects and characteristic properties of the TDRP process and polymerization products
Many practically important classes of unsaturated multifunctional compounds such as oligomers of the acrylic series (they are known as "oligoester acrylates", in abbreviated form OEAs), maleate type oligoesters (their compositions are named "maleate-styrene resins"), compositions based on diallyl compounds, divinylbenzene and its derivatives, are objects of three-dimensional radical polymerization (TDRP). The OEAs exhibit a wide range of applications from constructional materials for aircraft building (as fiberglass plastic), paint coats and sealants to dental materials (fillings, tooth defensive lacquers, tooth prosthesis) and modern liquid-crystalline polymers. The maleate-styrene resins are less useful compared to OEAs owing to the presence of such a volatile and toxic constituent as styrene. The area of other classes of polyunsaturated compounds is even more limited. Divinylbenzene, e.g., is predominantly used for the synthesis of the polymeric substrate for ion-exchange resins.
TDRP polymers are infusible and insoluble. These valuable properties are common to all polymers formed by any three-dimensional polymerization including non-radical ones such as, e.g., polycondensation of epoxy or phenolic resins. The advantages of TDRP are both high polymerization rates at rather low temperatures and the existence of various specific (concerned with the chain nature of the process) highly efficient methods to influence the TDRP rate just in the course of radical polymerization. There are the following methods: (1) application of initiators (organic peroxides, azodinitriles and others with concentrations of 10 -3 -10 -2 mol/l) permitting to reach very high TDRP rates (10 -2 -10 -3 mol/(l⋅s)) in the moderate temperature range (300 -350 K); (2) use of inhibitors (stable free radicals, quinones, haloids, nitro compounds, and others with concentrations of 10 -4 -10 -2 mol/l) allowing to suppress TDRP for a predetermined time τ (induction period) in order to prevent premature spontaneous polymerization especially in the course of technological processes; (3) employment of external initiation sources (light or radiation) that allow the TDRP process to be started up or stopped at any temperature (including below room temperature) at any time and TDRP rate to be regulated within any limits by decreasing or increasing the irradiation intensity. In the last case such high rates can be reached that curing of highly reactive monomers (e.g., OEAs) will happen into thin films almost 'instantaneously', which is very important, e.g., for solving the problem of freezing mesomorphic structures.
No compounds other than unsaturated ones (monomers, oligomers) having more than one double bond per molecule (as a rule two or more) can be used as TDRP objects. Only in this case polymerization will give rise initially to the formation of linear chain structures (primary carbon chains) having one (if the starting monomer has two multiple bonds per molecule) or more (if the number of multiple bonds exceeds two) unreacted double bonds per monomer unit ('pendant' vinyl groups), which are centers of branching and crosslinking carbon chains to yield a network. Further polymerization of these vinyl groups will result in the formation of secondary structures, at first branched ones and then crosslinked ones in which primary carbon chains are bound with one another by cross-links. The fragments of initial molecules located between the vinyl groups and usually called "oligomeric blocks" serve as cross-links. The oligomeric blocks, as a rule, have very short heteroatomic backbone chains consisting of two or more C atoms, two or more O heteroatoms and others (S, P, N).
Scheme 1 presents the TDRP process step-by-step (with monomers containing two vinyl groups per molecule as an example). It is obvious that the structure pictured in Scheme 1 is defined as a macromolecular three-dimensional network. Therefore, polymerization of these multifunctional compounds is referred to as a threedimensional polymerization.
The major characteristics of highly crosslinked macromolecular structures are network junctions (designated as in Scheme 1) because it is the mobility of junctions that controls the relaxation properties of corresponding polymer materials and just those are responsible for the main physico-mechanical characteristics. Trifunctional junctions are seen from Scheme 1 to be generated during TDRP. In this case two of three interjunction chains of each junction are very short and rigid carbon fragments, −CH 2 −, and only one chain, if any, is a longer and more flexible heterochain (due to heteroatoms of the −O− type). At the worst, the latter is also rigid, as it is, for example, for monomers of the divinylbenzene type, which contain the rigid aromatic −C 6 H 4 − fragment and no heteroatoms. 
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This topological peculiarity is a distinguishing feature of polymeric networks formed just by TDRP. Otherwise, as in non-radical three-dimensional polymerization (polycondensation) of compounds containing no double bond per molecule, two short fragments −CH 2 − are not required because it is opening the multiple bonds by radical initiation that is responsible for their presence. At the worst, as for catalytic curing of diepoxides, the same short but much more flexible heterochains −OCH 2 − are formed instead of −CH 2 − chains. Therefore, macromolecular networks formed by TDRP must differ by rigidity and low relaxation, other conditions being equal. Sometimes this is an advantage of the networks. If it is a disadvantage, rather a simple modification may be performed by means of copolymerization with such comonomers which have only one double bond per molecule and are capable to alternation under given conditions (the numerical values of both copolymerization constants, r 1 and r 2 , are less than one). In this case both short interjunction −CH 2 − carbon-chains elongate and the bulk concentration of network junctions, of course, reduces at the same time.
Another distinctive feature of TDRP is concerned with the specific character of the TDRP process. Almost at the very beginning of the polymerization a homogeneous reaction system transforms into a microheterogeneous one consisting of network polymer particles (microgel, nanodispersion) which are rather weakly bound with each other by through-pass chains and act as autonomous microreactors, further polymerization proceeding within them. The latter conserve their discreteness also after completion of the polymerization. This causes the specific morphology of TDRPpolymerizates like a nanodispersion of highly crosslinked particles (grains) separated by interlayers of rarely crosslinked (defective) polymer as shown in Scheme 2.
Scheme 2:
The TDRP process proved to be very complex because of the above-mentioned features. Thus, creating a distinct methodology and advancing new ideas in the field of radical polymerization were required to interpret the TDRP process. As a consequence, the TDRP field was distinguished as a special case of radical polymerization, which could not be interpreted in terms of well-known ideas.
The above knowledge has been mainly developed as long ago as 1977 [1] when the microheterogeneous TDRP model has been stated. The series of systematic investigations on kinetics and mechanism of OEA curing provided the experimental basis for these new ideas. OEAs were found to be a very convenient model for the studies, because OEA synthesis allowed the chemical structure and the length of oligomeric blocks to be purposefully varied in a very wide range for the same chemical structure of polymerizable end groups (methacrylic or acrylic ones). The chemical formulae of some classes of OEA, which have served as model compounds for the establishment of TDRP fundamental generalities and mechanism, are given in Scheme 3.
The history of development of our knowledge of TDRP mechanism merits an extended consideration here. The microheterogeneity hypothesis was first proposed as early as 1934 [2] and subsequent efforts were undertaken in developing this hypothesis (e.g., for phenol-formaldehyde resins [3] [4] made in 1962 when light scattering was applied to study the nucleation and evolution of microheterogeneity (microgel particles) in the course of polymerization of unsaturated esters [5] and the hypothesis of formation of discrete microgel particles serving as autonomous microreactors during the polymerization of multifunctional esters of methacrylic acid was advanced [6] . Polymerization in such autonomous microreactors proceeds at much higher rates than in the remaining volume of the reaction system owing to the local gel-effect. In addition, Notley [7] established important peculiarities of the TDRP mechanism in 1962. In 1964 the microheterogeneous mechanism was postulated also for the non-radical three-dimensional polymerization, namely, three-dimensional polyesterification [8] . In 1970, the TDRP mechanism involving microheterogeneity was stated on the basis of new experimental data [9] . In 1971, Dusek [10] revealed the microsyneresis phenomenon during the process of formation of highly crosslinked macromolecular structures.
Scheme 3: Chemical formulae of typical TDRP objects such as oligoesters having unsaturated end groups (reference designation OEAs) Formula 1, for oligoesters based on saturated dicarboxylic acids R 1 (COOH) 2 , diols R 2 (OH) 2 and monobasic unsaturated acids R 3 COOH:
where n = 0, 1, 2, … (preferentially n ≤ 2); typical R 3 is used, where m > 2 (as a rule, m = 3 -glycerol, or m > 3 -pentaerythrite, xylite). Functionality f in OEAs is determined as the quantity of polymerizable end groups (multiple bonds) per molecule. Contrary to the quantity f for OEAs having formula 1, which is 2, the f value for OEAs with formula 2 is 3 or more and, consequently, the volume-average concentration of macromolecular network junctions in the polymer is higher than that for OEAs with formula 1.
Formula 3:
Fragments such as urethane groups, symmetrical triazine cycle, phosphorous-containing groups and metals are introduced into OEAs with formula 1 by addition reactions of epoxides, urethane formation and others [11] .
However, in spite of all these facts the microheterogeneous model of TDRP was only as a hypothesis up to 1977. A system of experimental evidences for this hypothesis based on a complex approach that included both kinetic techniques for studying TDRP processes and structural-physical methods of investigation of polymerization products was first given elsewhere [1] . As a consequence, the hypothesis was not only transformed to a proved concept but also was defined concretely as the model of TDRP suitable for quantitative estimations [11] .
Methodological basis of TDRP
The systematic synthesis of OEAs with appropriately varied chemical structure stimulated both fundamental investigations and systematic methodological searches aimed at the development of new methods for studies of TDRP kinetics and mechanism (including structural-physical investigations of polymers) and at the improvement of known experimental techniques. This is necessary because conventional methods such as gravimetry, dilatometry, molecular weight distribution measurements and others have proved to be ineffective for TDRP owing to the structurization of the reaction system during early polymerization stages and the insolubility of the polymer formed.
The following techniques have turned out to be the most effective to study TDRP kinetics and mechanism and to identify the structural-physical peculiarities of highly crosslinked polymers. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Precision isothermal microcalorimetry using calorimeters of a Calve type is employed. Application of non-isothermal DSC calorimeters followed by complex mathematical treatment of experimental data results in less reliable results. The rather large quantities of the polymerization heat, ∆H = 42 -92 kJ/mol being almost independent of conversion, allow the heat generation velocity, dQ/dt, to be continuously registered with high accuracy in the course of polymerization, the velocity being identified with the polymerization rate It should be noted that parameters k p = f(C) and k t = ϕ(C) during TDRP were first estimated experimentally (on the example of OEAs) already in the 60s [13, [24] [25] . [13, 23, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] At present the spectroscopic method of determining the instantaneous concentration of double bonds during polymerization has a second place in efficiency for TDRP kinetic investigations. Real-time infrared (RTIR) spectroscopy (model 1430, PerkinElmer, Norwalk, CR) was found to be even faster than photocalorimetry and allows the same problems of steady-state and unsteady-state kinetics to be solved in even shorter time ranges. For instance, rapid scans (50 ms/data point) of the carboncarbon double bond peak, typically 811 cm -1 for acrylates, were performed [26] . The main source of error in spectroscopy as applied to TDRP is distortion of the spectrum shape because of matrix structurization that is equivalent to a change of calibration during polymerization. As a rule, this error may be corrected by selection of such spectral lines as base ones which are least subjected to distortion due to increasing conversion.
Calorimetry
W = -d[M]/dt ≡ dQ/dt.
Spectroscopy

Densitometry [13]
Densitometric methods of kinetic measurements, especially flotation and densitometric titration, have proved to be well suited to TDRP conditions. Densitometry is based on an increase in density of polymerizing systems from monomer density to the polymer one as conversion rises. The difference in the densities is equal to 10 -20% of monomer density. The density increases linearly with conversion. A deviation from linearity can arise only at large conversions for very highly crosslinked networks and high TDRP rates. Then physical processes of structured relaxation can lag behind the chemical addition reaction accompanied by contraction. It is obvious that this complication is also typical of dilatometry [24] based on measuring the contraction of polymerizing systems. [13, 24, Gravimetry, chemical analysis of double bonds [35] , dilatometry and other methods applied successively in the field of radical polymerization have required essential modifications to investigate TDRP. Since the first two methods use the monomer isolated from the reaction system, the isolation procedure has to be modified because traditional precipitation of polymer is impossible owing to structurization, and extraction can be partial because pendant double bonds are not extracted. Therefore, the isolation stage has to be preceded by a destruction stage [36] (the latter is a very laborious and poorly selective process of rupture of interchain crosslinks, e.g., by hydrolysis provided that crosslinks contain esters or different hydrolyzable bonds). Conventional dilatometry is not applicable owing to a loss of flow of the TDRP system at the earliest polymerization stages (at conversions < 1%). Thus, modified dilatometers, e.g., in the shape of long narrow glass tubes (diameter of 2 -3 mm and height of 500 -1000 mm) [39] , elastic dilatometers and others are employed. The most successful dilatometer has turned out to be the very complex differential dilatometer installation having two elastic cells [24] and a high-precision detector of displacements like a mechanotron. First unsteady-state kinetic measurements of TDRP processes and estimations of k p = f(C) and k t = ϕ(C) were performed in 1963 with this installation [13, 25] .
Alternative methods of kinetic measurements
Recently, some specific methods in which the course of TDRP process is registered using indirect characteristics such as an increase in viscosity, freezing the molecular mobility of components of the reaction system (e.g., unreacted monomer using NMR [37] [38] ) or of additives added specially as a molecular probe (fluorescent methods [40] [41] [42] [43] ) have received acceptance. The substances able to isomerization in the TDRP system are also used as a molecular probe [44] . If the activation volume during isomerization is large enough, then the isomerization rate can serve as a measure of the free volume in the polymerized system and, consequently, is an indirect measure of conversion. The application of azobenzene and stilbene as such isomerizing substances (photochromic probes) made it possible not only to follow the increase of conversion during TDRP but also to judge the form of the free volume distribution function in the system and identify the microheterogeneous structure of polymer network formed [44] .
The methods based on light scattering are of considerable importance in studies of the TDRP mechanism because they enable the evolution of structural microheterogeneity during TDRP to be observed [11, [45] [46] [47] [48] [49] [50] [51] [52] [53] . Static and dynamic light scattering methods are used for studies of the dimensions of highly branched macromolecules and of microgels in the pregel state [20, 22, 54] . [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] The long life times (τ R ) of free radicals • R within crosslinking systems enable direct measurements of
ESR method
• R concentration to be carried out during TDRP by ESR. Therefore, ESR has a privileged place in the field of TDRP, ESR application being most effective in the following three directions.
Investigation on the kinetics of R
• accumulation during the unsteady-state stage [13, [61] [62] If initiators (organic peroxides) are decomposed thermally in partially cured OEA (at conversions of 30 -70%) it is possible to select experimental temperatures at which kinetics of R • accumulation are registered by ESR in the range from 10 to 20 min, the 
, where k t1 > k t2 > … >k ti . Secondly, k t1 correlates not only with such an evident parameter as conversion but also with the nature of the starting monomer (oligomer) forming a network. Here factors that control the flexibility of oligomeric blocks (i.e., act as interchain crosslinks) are of first importance. These major factors are the length of the oligomeric block and within it the existence of interatomic bonds with lowered barriers to rotation (e.g., substitution of C−C bonds by C−O−C results in an increased flexibility). Analysis of the termination kinetics of trapped R
• is both an effective method for investigation of the TDRP mechanism and a source of structural-physical information as well, considering that bends in curves [R • ] = f(t) point to the microheterogeneity of the highly crosslinked polymer matrix and numerical values k t1 serve as a measure of relaxation of the network structure in molecular scale [11] [12] [13] 45, 63] .
Synchronous comparison of continuously recorded kinetic curves [R
• ] = f 1 (t) and W = f 2 (t) [64] In this case, any continuous method (preferably precision kinetic calorimetry) is applied to measure the polymerization rate W = f 2 (t). 1 in a wide conversion range and, accordingly, to establish generalities in the behavior of γ R during TDRP. For typical TDRP monomers such as dimethacrylates, γ R will increase sharply as soon as a certain conversion C cr is reached. The C cr value depending on the flexibility of dimethacrylate molecules is in the range from 10% (for very rigid ones) to 50% (for very flexible ones) at moderate temperatures of 20 -70°C. C cr increases with rising temperature [11, 13, 45] .
2.5.4. Structural-physical investigations by ESR [11, 45, [65] [66] The paramagnetic probing of TDRP polymers using nitroxyl stable radicals (as a probe) added externally by sorption from vapors reveals [65] the superposition of ESR spectra of two types: a narrow one (2945.2 -3024.8 A/m) and a wide one (5412.8 -5651.6 A/m), which is interpreted as an effect of the microheterogeneity of TDRP polymers. Here the narrow signal is associated with the existence of a defective microspace with a very low concentration of network junction points and, hence, with a higher mobility of probe molecules (correlation time τ c << 10
-7 s). The wide signal is due to the existence of a microspace with low molecular mobility (τ c ≥ 10 -7 s). As the temperature is scanned in the wide range from -195 to +150°C within the defined temperature range ∆T = T 2 -T 1 , the intensity of the narrow signal increases at the expense of the intensity of the wide signal up to total disappearance of the latter after reaching the upper limit of ∆T, at T 2 . Above T 2 the narrow signal alone is detected. In contrast, below T 1 the wide signal alone is remarked. The state corresponding to the wide signal is interpreted as a glassy state, that to the narrow signal is interpreted as a rubbery (high elasticity) one, and that to ∆T is interpreted as an α-transition region. In this case the ratio between the intensities (I) of the narrow and wide signals within their superposition range (∆T) characterizes the relationship between total microvolumes in rubberlike and glassy states: V is the total volume of the system). It is apparent that a smooth variation of I 1 /I 2 within the very wide ∆T range (several tens of degrees) will only be possible if the microheterogeneous system consists of a great assembly of subsystems (∆V i microspaces) containing n different types of ∆V i , each of them having its own (local) glass transition temperature T gi which changes sequentially in the row ∆V 1 , ∆V 2 ,…∆V n , for example, T g1 > T g2 >…> T gn . Here, if n is large enough, the variation of I 1 /I 2 will be smooth (without jumps). Obviously, the size of ∆T corresponds to T g1 -T gn and, hence, characterizes the degree of the microheterogeneity of TDRP polymer (n is the number of types of ∆V i subsystems distinguished by T gi owing to structural differences, namely, ∆V i with greater crosslinking degree has a higher local glass transition temperature, T gi ).
For OEAs as typical TDRP monomers, ∆T magnitudes and their evolution during TDRP have been estimated [65] . The degree of microheterogeneity characterized by ∆T has been established to increase with conversion but only up to a certain limit achieved at C ≅ 50%.
Other original variants of ESR application for structural-physical studies of TDRP polymers including radiation and diffusive probing have been described in the monographs refs. [11, 45] .
A simple method to identify the structural microheterogeneity of highly crosslinked copolymers of methyl methacrylate with ethylene glycol dimethacrylate (EGDMA) has been proposed in ref. [66] . The trapped radicals in the polymer network were used to investigate the permeation of oxygen by means of ESR. It was found that the permeability coefficient reached a peak value at about 70 wt.-% EGDMA, indicating that the 'porosity' of the network increased with EGDMA content reaching a maximum at 70 wt.-%. This method should be classified as diffusion probing by very small molecules O 2 that enable a very small-sized microheterogeneity to be identified. [25, 43, 59, [67] [68] [69] Proton resonance applied in the field of high-molecular compounds in a great variety of variants has proved to be an effective method to investigate chemical structure, molecular mobility, and intermolecular interactions. However, its application to TDRP polymers is greatly restricted owing to their insolubility and inmeltability. Broad-line NMR and high-resolution 13 C NMR with cross-polarization and magic angle spinning ( 13 C NMR HR CP/RMA) have turned out to be the most effective techniques from a limited number of variations of this method.
NMR method
For OEA polymers the kinetics of the decay in magnetization has been found to contain as a minimum two modes (a fast one and a slow one); their contributions can be separated with an adequate accuracy owing to the great difference in relaxation times [67] . The analysis of the decay kinetics of magnetization for a sequential series of samples having different conversions leads to the conclusion that polymerizing systems, beginning from small conversions and up to the end of the TDRP process, have a microheterogeneous nature.
The temperature dependence of the second moment of NMR spectral lines within a wide temperature range is ordinarily established by the method of broad-line NMR. Analysis of the dependence makes it possible to judge the existence of relaxation transitions and to estimate corresponding activation energies. Fundamental generalities have been obtained by investigating the model set of OEA polymers with systematically varied chemical structure [11, 45, 68] . Data on configurational ordering of the units in the polymer network and on the microheterogeneity of the latter as a factor of spreading the spectral lines have been obtained by means of 13 C NMR HR CP/RMA in investigating the above-mentioned set of OEA polymers. [11] [12] 45, [70] [71] Deformation (ε) of TDRP polymers in a uniaxial compression mode at low velocities ( ε & = 10 -4 -10 -3 s -1 ) enables to record the shape of deformation curves in the rather wide range 0 ≤ ε ≤ 0.5 including the transition range from elastic deformation to the forced elastic one. Analysis of the shape of deformation curves in the transition range allows one to make rather justified conclusions concerning structural peculiarities of highly crosslinked polymers, e.g., their microheterogeneity. For a similar analysis the thermomechanical curves ε = f(T) are suitable as well in the α-transition region.
Physico-mechanics and thermomechanics
With OEA polymers, physico-mechanical and thermomechanical measurements were carried out with precision tailor-made installations using mini-samples (weight ≈ 0.1 g) [70] . They made it possible to investigate a wide range of OEAs, among them OEAs which may be synthesized only under laboratory conditions and in small quantities.
Dynamic physico-mechanical measurements are also effective for structural investigations of TDRP polymers. In this case, relaxation spectra are analyzed. It has been concluded that the degree of microheterogeneity correlates with spectra width in a certain frequency region [71] .
Use of pulsed radiation for unsteady-state kinetic investigation of TDRP [72-73]
A modern very promising method for determination of elementary propagation rate constants, k p , is based on the application of pulsed coherent radiation (laser) for photoinitiated polymerizations followed by analysis of the molecular weight distribution of the formed polymer (gel-chromatography). For TDRP this method may be used at only earliest polymerization stages prior to reaching the gel point as long as the formed, very branched polymer is still capable to be diluted in the chromatographic eluents. k p measurements are nevertheless very important even in the very limited conversion range (C ≤ 1% for bulk polymerization, C ≤ 10% in solution), because they make it possible to judge the effect of the branching degree of growing polymer chains on their reactivity. This is a fundamental problem of TDRP. [11, 15, [20] [21] [22] [23] [34] [35] 39, 43, 45, 48, 50, [53] [54] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] The TDRP processes involve the chemical change (radical polymerization) combined with a number of physical transformations (aggregation, microsyneresis, etc.) affecting actively the chemical process. Hence the combined techniques, which enable one to perform both kinetic measurements and identification of structure evolution throughout the polymerization or to establish the structural peculiarities of final polymer products, are most effective in studying TDRP.
Combined approaches
Our advances in establishing the TDRP mechanism and its fundamental characteristics as microheterogeneity are a result of the successful development of such combined approaches including more than ten kinetic and structural-physical techniques [11, 45, 53] . Thus, to provide real time structural and kinetic data throughout polymerization, the following techniques that don't use sampling have been developed: spectroturbodimetry combined with calorimetry, dielectric spectroscopy combined with calorimetry, molecular probing, and IR spectroscopy monitoring the crosslinking copolymerization kinetics. [48, [74] [75] [76] [77] [78] In a number of cases not only well-known conventional techniques were combined, but new unique procedures were also developed. Among them is the technique of detection of 'initiator microredistribution' by means of radiation probing combined with diffusion probing by paramagnetic molecules (NO) [11, 45, 50, [79] [80] [81] [82] . At present studying TDRP by means of complex approaches is strongly progressing [15, [20] [21] [22] [23] [34] [35] 39, 43, 54, [83] [84] [85] [86] .
Kinetic peculiarities of TDRP [1,13]
Laws of crosslinking polymerizations at high conversions
All TDRP processes run according to the same type of scheme. The initial polymerization rate W 0 is not constant even in the very narrow conversion range, 0 < C ≤ 5%, and begins almost at once to increase with rising C. At characteristic conversions C = C max the polymerization rate reaches its maximum W max followed by abrupt autoretardation up to full stop at C = C lim < 100%. Obviously, both autoacceleration during the first TDRP stage at 0 < C ≤ C max and autoretardation during the second one at C max < C ≤ C lim should be interpreted in terms of diffusive kinetics: as diffusive mobility of reagents is frozen by the network structure formed in the reaction medium, at first, faster elementary steps (chain termination, k t ) and then slower ones (chain propagation, k p ) become diffusion-controlled processes. So at first, autoacceleration is developed owing to the decrease in k t and thereafter autoretardation begins due to the decrease in k p . In general terms, there is an analogy with the widely known phenomenon of the gel effect arising during typical linear bulk polymerizations of a number of monomers (e.g., methyl methacrylate) and also resulting in the "autoacceleration-autoretardation" sequence. The physical reasons of these phenomena are the same: freezing the diffusive mobility of reagents to a level when elementary reactions become diffusion-controlled and the effective rate constants begin to decrease with growth of diffusive hinders. But the mechanism of freezing the diffusive mobility is distinct, which results in great quantitative differences along with total quality analogy. During linear polymerizations, double bonds appear as highly movable low-molecular reagents (monomer molecules) up to the end of polymerization. Therefore the polymerization steps with participation of monomer molecules (chain propagation) become diffusion-controlled only at large conversions when the polymer-monomer mixture begins to pass into the glassy state. In the case of TDRP, starting molecules contain two or more double bonds per molecule. The attaching of the molecule to the growing network results in the appearance of 'pendant' double bonds having drastically restricted mobility. Consequently, not only chain termination but also chain propagation becomes a diffusion-controlled process even at small conversions during TDRP. This results in slowing down the autoacceleration rate. When comparing the rate of autoacceleration development for methyl methacrylate (MMA) and dimethacrylates (DMA), the following situation is observed: for MMA the W max /W 0 ratio is higher by a factor of 10 -20, dW/dC is 100 -200 times as large as that for DMA at the stage with maximum rate, and dW/dC drastically increases with conversion (for DMA, the dW/dC value is almost constant over the autoacceleration range 0 < C < C max ).
This specific mechanism of freezing the diffusive mobility during TDRP also leads to specific kinetic generalities concerning the correlation between reactivity of starting molecules and their physical (conformational) properties (molecule length, magnitude of barriers to rotation of their atom groups). These generalities have been observed on the vast collection of OEA-type monomers, the synthesis of which enables the chemical structure to be varied over a very wide range. For OEAs, it is possible to vary any parameter, for example length, whereas all other parameters remain unchanged (nature of polymerizable groups, namely, double bonds; nature of atom groups determining barriers to internal rotation and, eventually, flexibility), or, alternatively, to vary only the value of the barrier to internal rotation while other parameters are unchanged (see Scheme 3). The reactivity of TDRP monomers characterized at T = const by the parameters W, W max , C max , and C lim (where W is the instantaneous polymerization rate in the range W 0 < W < W max ) has been found to rise with increasing length of oligomer blocks of starting molecules and their flexibility characterized by barriers to internal rotation provided that the nature of reacting centers (double bonds) is unaltered. Here, the extent to which the reactivity depends on the above mentioned physical (conformational) properties of monomers increases sharply with conversion so that W max , C max , and, especially, C lim parameters are most sensitive. Typical examples given in Fig. 1 illustrate the TDRP kinetic peculiarities. The reactivity of monomer molecules is seen to correlate with their conformational properties. At the initial TDRP stages, when C → 0 (unstructured system), the reactivity characterized by W 0 is defined by other factors. (b) The effect of inert diluents such as benzene (curves 2 -5), heptane (6 -9) and acetonitrile (10) is demonstrated with TGM-3 as a typical TDRP object. TGM-3 content in solution is: (1) 100, (2) 80, (3) 60, (4) 50, (5) 40, (6) 90, (7) 80, (8) 70, (9) 30, (10) 
Initial stages of TDRP
At very small conversions (C < 5%) the oligomer reactivity characterized by the initial velocity of TDRP, W 0 , is generally defined by the viscosity of the reaction system: the greater the viscosity, the larger W 0 [11, 13, 45, [87] [88] . In this case as well as for reactivity at large conversions, it is the physical properties of source oligomer molecules controlling the level of intermolecular interactions (IMI) in the reaction system that are of first importance but not conformational properties. This means that the molecules have centers of strong IMI able to form hydrogen, dipole-dipole, and other labile bonds. Cooperative hydrocarbon groups -each of them with very weak dispersive interaction (e.g., alkyl groups −(CH 2 ) n − with n > 4 generate IMI bonds having energy of E > 4 kcal/mol comparable with hydrogen bond energy or phenyl groups C 6 H 5 − with E = 7 -8 kcal/mol) -can also serve as such centers. It is the properties of initial oligomer molecules determined by IMI that, as a rule, control the viscosity of the reaction system at small conversions. The viscosity effect on W 0 is trivial, namely, for TDRP chain termination is limited by diffusion even at C → 0 and the latter is limited by viscosity. The viscosity is the greater, the smaller is k t and, consequently, the larger is W 0 . The correlation of W 0 with the viscosity is established for a great number of TDRP objects.
However in a series of cases, an anomalous reactivity rather than this trivial correlation is observed during TDRP initial stages [11, 45, [89] [90] . The anomaly implies that the chain propagation rate constant (measured by unsteady-state kinetic method in the range of C < 5%) responds dramatically (decreases) on the presence of very small additives of inert foreign substances including formed polymer. In other cases the anomalous effect of viscosity on W 0 is observed: W 0 not only does not decrease but, conversely, increases with decrease in viscosity (e.g., while diluting by inert diluent) [91] . These anomalies have been an argument in favor of the existence of another specific peculiarity of TDRP processes with participation of multifunctional molecules distinguished by rather large molecular size contrary to usual monomers. These molecules have a great tendency to form associates. In this case the life time (τ) of labile associates often reaches magnitudes τ ph ≅ 3 ⋅ 10 -3 s comparable with the representative time of chain propagation τ ch ≤ 10 -4 s, especially if molecules have centers of strong IMI (generally, even several centers, taking into account a large size of molecules). Clearly, if τ ph > τ ch (subscripts 'ph' and 'ch' mean physical and chemical, respectively) and the association degree of starting monomer molecules is large enough, chain propagation reaction will proceed in the associated reaction medium. Then the relative orientation of molecules in associates (if it is regular with correlation time τ 0 > τ ch ) may be either favorable or, conversely, unfavorable for the propagation act,
, because all addition reactions of free radicals to double bonds are rigorously sterically regulated (as evidenced by very small magnitude of the steric factor P << 1). Anomalous W 0 behavior is associated in one case with favorable molecular packing (associate-'plus') and in another case, on the contrary (W 0 increases with dilution) with an unfavorable one (associate-'minus'). Only most recently, the existence of associates and their effect on polymerization kinetics has been not only convincingly demonstrated, but the model of polymer chain propagation in regular associates has been established using specially chosen model compounds capable to form both types of associates ('plus', and 'minus') [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] . Moreover, from kinetic data on the influence of small additions of comonomers built-in into associates as agents discontinuing a sequence of molecules having mutual orientation of the same type, the average length of sequences with no disturbing agents has been estimated (it is several tens of molecules).
TDRP as an instrument of macromolecular design (MMDN)
MMDN (or chemical construction of macromolecules, or task-oriented synthesis of macromolecules with predictable structure and properties) is a problem, which in the last few years has concentrated efforts of specialists in different fields: pure scientists (chemists, physicists, mathematicians), specialists in the field of computer simulation, and technologists. MMDN in the field of highly crosslinked polymers formed by TDRP is performed by using data of pure science as basis, which has enabled a specific character of TDRP kinetic generalities and mechanism (the key peculiarity is microheterogeneity) to be identified. In order to use these data as an effective MMDN instrument, they should be transformed to a methematical (computer) model of the TDRP process. All such models developed for TDRP may be divided into two groups.
The first group worked out during 1977 -1983 is based on extremely simplified representations [1, 11, 45] . Microgel particles, working as autonomous microreactors, are approximated by spheres with average radius r. Polymerization is supposed to be localized in the peripheral sphere layer (with conversion invariant thickness h). The estimations indicate that the number of microreactors is almost constant during polymerization and thus growth of conversion must be accompanied by an increase in microreactor radius r. When reaching such r that the spheres come in contact with each other, the loose spherical layers serving as effective reactors overlap partially and the sphere cores, consisting of highly crosslinked polymer with large conversion and so incapable to mutual penetration, pack up in the shape of tetragonal or (less likely) hexagonal structure. The cavities of the structure gathered from spheres (rather internal surface layers of cavities with thickness h) serve as a localization place of the polymerization process (reaction zone). At rather large conversions, the cavities are assumed to have a spherical shape (average radius r′). Evidently, r′ decreases during further polymerization. Rate constants of all elementary stages (initiation, propagation, termination) do not vary with conversion in the framework of the above mentioned model (percolation one) because conditions in the reaction zone (in the loose boundary layers above dense highly crosslinked polymer) remain constant during polymerization and the total volume of the reaction zone alone varies: at first it increases (up to touching the spheres) and then decreases. Correspondingly, the overall (observed in experiment) reduced polymerization rate W/[M] first increases (autoacceleration stage) and then decreases (autoretardation one). In this situation both stages are described by simple mathematical expressions:
where W 0 and W r are polymerization rates in the initial reaction medium and in the spherical layers with thickness h, respectively; C and C lim are instantaneous and limit conversions, respectively; N is the concentration of spherical microreactors (microgel particles, grains). The interval between autoacceleration and autoretardation defies such simple description.
The number of microreactors (microgel particles) formed in the reaction system and reaching the constant value N lim during the earliest TDRP stages (for C < 1%) depends on both kinetic parameters and reaction conditions: where f is monomer functionality, [M 0 ] is the concentration of starting monomer, W i is the initiation rate.
Eqs. (2) - (5) as MMDN instrument allow to regulate the morphological structure of formed polymer: for example, a coarse-grain structure can be transformed to a finegrain one by increasing W i or (and) introducing additives X. The main advantage of the model is that it takes into account the principal TDRP feature, namely, its microheterogeneous character.
The second group of mathematical (mainly computer) models operates on much more complicated factors [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] . The k p and k t values are usually supposed to depend on conversion. The form of dependence is established from suitable notions of molecular physics. In this situation a part of physical constants remains undetermined and in subsequent comparison of theory with experiment they act as fitting parameters. Technologically, such semiempirical character of the theory has certain advantages, since equations obtained are suitable for MMDN prediction (but only under limited conditions owing to the empirical character of parameters). The most developed model is the following one [110] . The expressions for rate constants of elementary steps has been obtained in the following form:
In the expression for k p , k p0 is the true kinetic constant for propagation, i.e. the value of k p in the absence of diffusional limitation; f is the average fractional free volume of the system; f cp is the critical free volume for propagation; this represents the value of f at which k p will be half of k p0 ; A p is a parameter which determines how quickly the diffusion-controlled kinetic constant decreases once diffusional limitations manifest. The parameters appearing in the expression for k t are similar, with an extra term representing the contribution from reaction-diffusion; within this term appear the instantaneous double-bond concentration, [M] , and the reaction-diffusion parameter, R.
Six material properties are required to calculate the fractional free volume at a given conversion. These parameters are the monomer and polymer densities (ρ m and ρ p ), the glass transition temperatures (T gm and T gp ), and the differences between the expansion coefficients in the rubbery and glassy states (a m and a p ). Reactiondiffusion parameters, R, are determined [113] [156] , and Okay [106, [158] [159] [160] [161] [162] . Their investigations have been treated and summarized in several reviews [112, [162] [163] . Some statements of this theory are based on the Flory-Stockmayer concept for polymerization processes of the stepwise reaction type. The attempts to use these equations for chain polymerization processes like TDRP were based on questionable assumptions and very rough approximations. It has only recently been demonstrated [164] [165] [166] [167] [168] [169] that using the well-known Flory-Stockmayer equations even being specially adapted in order to calculate critical conversion of gelation, C cr , (gel point) is incorrect for TDRP. These equations showing a good performance for polycondensation (stepwise reaction), are much different from that [164] [165] [166] [167] [168] [169] derived specially for TDRP (chain reaction). The relationships between C cr and the TDRP kinetic parameters (rate of initiation, initiator concentration, rate constants of chain propagation, termination and transfer) have been obtained [164] [165] [166] [167] [168] [169] by using the method of moments followed by generalization of numerical solutions in the form of equations , i.e. in the analytical form. In this case the scheme of radical polymerization served as an original model and the steady-state was the only assumption.
'Living' TDRP as an instrument of MMDN
The discovery of 'living' radical polymerization (in the 80s), the obtainment of reliable convincing evidences of its realization during certain polymerization processes (in 1993) and subsequent impetuous development of this field of polymer science has resulted in the creation of a new powerful instrument of MMDN, namely, 'living' TDRP (history of discovery, development stages, analysis of its modern state and perspectives of the field over the period up to 2000 see ref. [170] ). Proceeding the TDRP in 'living' chain mode has turned out to change basically the character of kinetic generalities, mechanism and, finally, formed polymer structure (both topologically and morphologically). Accordingly, properties of polymer material (sorption, physicomechanical and thermo-mechanical properties etc.) vary radically. These principal changes result from the transformation of the polymer chain propagation mechanism: 'instantaneous' chain propagation of macromolecules (proceeding during conventional TDRP) transforms to a stepwise 'slow' one. Here the 'instantaneous' term is interpreted as satisfying condition τ << t (where τ is the time from generation of a growing chain to its death as a consequence of quadratic or linear termination; t is total time of polymerization), and the 'slow' one is interpreted as τ ≥ t. This transformation results in a removal (whole or partial) of the main source of microheterogeneity. Since it is microheterogeneity that is responsible for the main specific TDRP features, the above-mentioned transformation leads to fundamental changes. From this viewpoint 'living' TDRP as a MMDN instrument greatly exceeds the possibilities of conventional TDRP.
Using homo-and copolymers of dimethacrylates as an example, the transformation of common TDRP to 'living'-chain TDRP is revealed [175] [176] [177] to result in abrupt changes in properties: molecular mobility increases and thus the properties controlled by it will be varied. The elastic modulus decreases (both in the glassy and in the rubbery (high-elasticity) state at T > T g ). The glass transition temperature, T g , diminishes by 20 -40°C. The diffusion rate of solvents and their equilibrium sorption increase. The form of temperature dependence of the rate constant of quadratic termination of free radicals, R
• , stabilized by the polymer matrix (R • generation in this case is a result of exposing polymer to Co 60 γ-rays using the special technique of structural-physical investigation called "the method of radiation probing" [45] ) is changed. Thus 'living' TDRP as an instrument of MMDN is advantageous for producing highly crosslinked macromolecular structures having increased molecular mobility (e.g., for gel-penetrating chromatography or producing materials with improved relaxation properties). Here the sourсe for modification of the properties appears to be the absence or low content of reinforcing regions with very high network density ('grains') in the 'living' crosslinked polymers.
The possibilities of this modern effective instrument just begin to be used [170] [171] [172] [173] [174] [175] [176] [177] because both theoretical and particularly experimental basis of 'living' TDRP is as yet greatly limited: over the period up to 2000, more than 400 papers have appeared in the rapidly progressing field of 'living' radical polymerization but only 3% of them are devoted to 'living' TDRP. Only first steps toward creating mathematical simulations of 'living' TDRP have been made [164] [165] [166] [167] [168] [169] . Therefore 'living' TDRP as an effective MMDN instrument in the field of highly crosslinked polymeric structures remains still only a perspective although a nearest one. It is to be noted that for living anionic crosslinking polymerization, Macosko et al. have carried out successful mathematical simulations [178] .
Conclusion. Development of trends in the field of TDRP
In the late 1950s and early 60s, increased interest had arisen to the TDRP problem in connection with the synthesis of a new class of unsaturated resins, namely, polyester acrylates (more recent name 'oligoester acrylates', OEAs). The rapid growth of systematic investigations on the basis of a lot of synthesized OEAs together with working out new experimental techniques has led first to revealing new kinetic peculiarities of TDRP (1960 -67) and then to establishing the fundamental feature of TDRP mechanism, namely, microheterogeneity 1 (1977) . Then as a result of intensive investigations continued up to 1983 the existence of microheterogeneity had been confirmed by application of different experimental methods and calculations. These results had been generalized in monograph [11] . In 1983 -90, development of TDRP has been advanced towards the creation of new original techniques for the investigation of microheterogeneity [45, [49] [50] [51] and their application for MMDN. This stage had been summarized in monograph [45] .
From the early 90s the interest of world science in TDRP is greatly increased: the number of papers has risen more than 10 times. This is due to the appearance of new technological solutions in such fast progressive fields as materials for information storage systems, biomaterials, optical fiber coating and others. It is the TDRP process that has proved to be most suitable for solving these new technological problems, due to the inherent characteristics of TDRP (possibility of carrying out the process in an ultraspeed mode at any temperature including low ones, controllability by means of initiation including the photochemical one, etc.). In addition, 'living' radical polymerization discovery provides new possibilities for MMDN.
At present there are the following tendencies in the TDRP field. The main tendency is pure scientific studies of TDRP kinetics and mechanism using new experimental possibilities. The latter are associated with the development of reliable fast-acting efficient methods of kinetic investigations such as fast-response calorimetry, RTIR, and others. It should be emphasized that no principally new results concerning TDRP kinetic peculiarities and mechanism have been obtained in comparison with findings in 1977 [1, 12] . Both correlation of kinetics with conformational properties of starting multifunctional monomer molecules and microgeterogeneity, i.e., the principle TDRP features which had been earlier described [1] and discussed [11, 13, 45] , were many times confirmed on a lot of objects using most up-to-date techniques. As for TDRP objects there is the tendency to divide investigations into two groups depending on the monomer employed: divinylbenzene and its derivatives (including copolymerization with styrene) and multifunctional (di-, three-, tetra-) methacrylates and acrylates. For the first group of objects (divinylbenzene) the most important achievement is the quantitative characterization of cyclization and the decreased reactivity of pendant vinyl groups during TDRP [143, [160] [161] 179] .
In regard to the second group of objects (acrylates and methacylates) the main efforts were directed to studying TDRP ultraspeed modes under photochemical initiation. At large photoinitiation rate, initiating radicals have been established to become a main partner in chain quadratic termination reaction R
• + R i
• → termination (where R i
• is a small and, consequently, highly mobile radical in the structured medium radical, R
• is a slowly moving polymer radical). This changes basically the TDRP process: autoacceleration disappears and the order of initiation rate reduces from 0.5 (normal) to ≈ 0 (abnormal).
It should be noted that for both groups the most efforts have centered on the simulation of TDRP processes [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] . This direction is progressing rapidly, which is very important for MMDN (see section 4).
It should be separately noted the tendency towards elaboration of approaches for realizing 'living' TDRP. Here the progress is going in two directions: the adaptation of known agents of 'living' radical polymerization to complex conditions of structured media and the creation of new agents intended specially for TDRP. Moreover, the trend towards more detailed investigations of 'living' TDRP kinetics and mechanism is prevailing.
Trends in the applied field are centered on the following directions: materials for information storage, polymers for coating, films and packaging industries, biomaterials, materials for aspherical lenses, prosthetic materials, carriers for controlled drug delivery, optical fiber coating, ultraviolet curable adhesives, dental materials, abrasion-resistant coatings, hosts for second harmonic generating materials and others.
The properties of TDRP polymers and areas of their applications have been presented in refs. [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] . This list is reasonably representative but, of course, inexhaustive.
